This competition aimed to survey state-of-the-art near-IR high reflectors. The requirements of the coatings are a minimum reflection of 99.5% at 0 degrees incidence angle light at 1064-nm. The choice of coating materials, design, and deposition method were left to the participants. Laser damage testing was performed at a single testing facility using the raster scan method with a 3-ns pulse length laser system operating at 5 Hz in a multi-longitudinal mode. A double blind test assured sample and submitter anonymity. In addition to the laser damage resistance results, details of the deposition processes, cleaning method, coating materials and layer count are also shared. We found that hafnia/silica multilayer coatings deposited by e-beam are the most damage resistant under the test conditions.
INTRODUCTION
This thin film laser damage competition represents the 11 th in a series of damage competitions started in 2008 at the Boulder Damage Symposium (now the Laser Damage Symposium). As a way to celebrate the 50 th anniversary of this symposium, we chose to revisit the first year competition topic which surveyed the laser damage resistance of state-of-the-art near-IR high reflector (HR) coatings in the nanosecond (ns) pulse regime. We have an opportunity to compare the overall results of the two competitions set 10 years apart and assess any progress made during this time due to advancement in the coating technologies/materials and better understanding of the role of defects and interfaces in the optical damage of thin films. In addition, the near-IR coatings have been and continue to be an integral part of the design of high power laser systems and are used in multiple applications including beam combination, beam steering, and diffraction gratings. In ICF-class lasers, transport mirrors operate routinely at fluences in excess of 20 J/cm 2 at the fundamental laser frequency (1ω). Other applications using commercial lasers require 10's of J/cm 2 at 1ω on target thus careful beam formatting and long propagation distances are often involved to avoid damage on the high reflector optics.
PARTICIPATION
Thirty-three samples were submitted for this competition by eighteen different participants (many with multiple entries) representing six different countries as observed in Table 1 . Four participants are new to this series of competitions. The samples were manufactured by each participant on their own 50 mm diameter by 10 mm thick substrates which were submitted for laser damage testing. In addition to providing the samples, participants were required to supply the following information:
• Reflectance scans over the specified spectral bandwidth
• A brief description of the deposition method
• A brief description of the cleaning method 
SAMPLES
Samples were assigned a unique two-digit participant code to maintain anonymity. The first digit consisted of a letter ranging from A to R for the eighteen participants respectively. The second digit was a sample number ranging from 1 to 3 depending on how many samples were supplied by each participant. The connection between the participant name and code was unknown to the damage testing service. They only had access to the participant code so as to remain unbiased and to protect the identities of participants whose samples had lower laser resistance. Only the participant code is used in this paper and also the talk presented at the Laser Damage Conference to maintain participant anonymity.
The high-reflectivity coatings had to meet the following specifications:
• Reflectance > 99.5% at the central wavelength of 1064-nm
• Incidence angle 0 degrees (polarization insensitive)
• Ambient environmental conditions
-Relative humidity (40 ± 20%)
• No reflected wavefront or stress requirement
• No surface quality requirement
Five deposition processes and six high-index materials designs were selected by participants for this competition and are listed in Table 2 and Table 3 , respectively. All samples used silica as the low-index material. 4. MEASUREMENTS The samples were laser-damage tested at Spica using the raster scan method 1 using a 1064-nm, ∼950-µm (FW1/e 2 M) near-Gaussian laser beam from a commercial laser system operating at 5 Hz repetition rate with 3-ns pulse duration (FWHM) in a multi-longitudinal mode. The test laser beam profile at an equivalent sample plane was characterized prior to each sample test using a diagnostic reference arm. The laser beam 
(a1-a2). A 1-cm
2 test area on each coating sample was irradiated near normal incidence with 90% peak fluence overlap (∼ 200 µm step size between test sites) in a serpentine pattern starting at 1 J/cm 2 ; if no damage was observed, the fluence was subsequently increased in 3 J/cm 2 steps over the same area (ramp fluence conditioning) until isolated damage and/or onset of propagating (or catastrophic) damage was confirmed. The absolute fluence error was estimated to be ∼15 %. The maximum fluence achievable in this configuration (i.e., ∼1-mm beam size) was 73 J/cm 2 . Two best performing samples required even higher test fluences, therefore i) the focusing geometry was adjusted to yield fluences in excess of 100 J/cm 2 with a smaller beam size and, consequently, ii) the raster step size was reduced as well. Damage detection via an in-situ monitor as well as visual observation by the user provided a site count at each fluence step. In this work, for all samples tested, we report the highest peak fluence for irradiation (beam normal) according to three damage criteria, so-called LIDT value: i) no observable damage (0 sites), ii) damage initiation at less than 1% of test sites (∼20 sites), and iii) failure due to initiation at more than 1% of test sites or onset of propagating (growing) damage. All three fluences reported in this study have a ∼3 J/cm 2 uncertainty owing to the discrete raster fluence steps. There was a large variation in the in-situ light scattering levels across the sample population while raster scanning (see Figs. 1(b1-b3) ). No attempt was made to quantify the amount of light scattering for each sample and correlate that to the damage performance. An example of in-situ damage initiation detection from a low scatter part is also shown in Fig. 1(b4) .
RESULTS
All 33 samples have been evaluated over the course of ∼3 weeks; the tests were then repeated on select samples to ensure validity of the results over time and assess the uncertainty in the quoted LIDT values. Figures 2(a)-(b) shows all test results by sample code. Laser fluences are ordered high-to-low using (a) No Damage (blue) and (b) Damage Initiation (orange) criteria, respectively. We note the wide range in LIDT values for 1064-nm, 3-ns pulses, from ∼100 J/cm 2 to less than 1 J/cm 2 , or ∼100X. This observation is qualitatively similar to previous results presented in this competition for HR coatings in the ns-and ps-pulse regime at various wavelengths from 1064-nm to 193-nm.
2-6 These observations along with the isolated, 
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Hf02 high index material samples localized nature of the damage sites initiated during the raster scans suggest a wide spectrum of coating defects (damage precursors) across the samples, i.e. some samples have a lot fewer, low-fluence threshold defects and perform better than others.
One salient behavior that stands out in the plots of Fig. 2 is the significant fluence gap for the majority of samples between the first two damage criteria, i.e. many coating samples can withstand higher laser fluences with minimal damage initiation of stable, non-growing damage sites (or functional damage) prior to reaching failure (data shown by red triangles). Figure 2(b) indicates that ten samples had damage initiation fluences in excess of 45 J/cm 2 . There are many applications where some amount of isolated coating damage is acceptable without a significant impact on the optics lifetime or laser performance due to increased beam obscuration/contrast. For example, large-aperture transport mirrors (meter size) for the NIF laser operate routinely with ∼1 initiation site per cm 2 resulting from laser conditioning of nodular defects within the coating. 7 Most of these initiation sites remain stable, with only 1-2% of them growing at a very slow rate (∼tens of µm/100 shots). Similarly, smaller optics for use in table-top lasers are often "burned-in" as a way to quickly asses optics lifetime, i.e., damage initiations due to any coating defects within the beam footprint will either fail early (grow) or remain stable during a ramp-up, multi-laser exposure sequence.
In the following discussion, we will examine the relationships, if any, between the observed LIDT values and various coating and process parameters as disclosed by the participants.
The reflectivity specification of 99.5% appears to have been met by all samples except one within a tenth of a percent, which is well within the experimental error of these spectral measurements (as far as the authors can infer based on the electronic data or graphics supplied by the participants). The one sample not meeting this requirement had poor spectral centering at 1064-nm, however, being one of its kind, the authors and participant agreed to make an exception in accepting this entry and proceed with the damage testing.
There was no correlation between the layer count and LIDT. The number of layers across the samples ranged from 3 up to 70, with most using between 26 and 38 layers. Moreover, 21 out of 33 samples had an even number of layers which implies the presence of an overcoat layer. The influence of overcoats on the damage performance of 1064-nm high reflectors has been previously investigated. Those studies reported an improvement in the laser resistance with overcoats by overall reducing the photo-thermal response of the coating and modifying the damage morphology. 8, 9 In Fig. 3 we examine the samples with the two most common high refractive index materials (both 2-and 3-material designs) shown in Table 3 to see if a pattern would emerge with respect to an odd versus even number of layers. The coatings using hafnia (top graph in Fig. 3 ) included the top ten performers in this survey (fluence greater than 45 J/cm 2 ) and Fig. 3 ) also tended to perform about the same for both even and odd layer counts. Similar observations were drawn from the 2008 survey of 1064-nm coatings. Unfortunately, none of the top performing participants in the current survey have submitted sample pairs with and without overcoats to more directly evaluate the impact of overcoats on laser resistance across the sample population. Therefore, no meaningful trends regarding the effects of overcoats can be drawn based on the results presented here.
Next, we will examine other correlations. Data from coating samples deposited under different conditions by the same participant can be instructive. For that purpose we plot the results of damage testing grouped by vendor codes in Fig. 4 . Several isolated process variables are noted along the horizontal axis in Fig.  4 . Also included above the fluence bars are the high-index materials for each group. Here we note the different parameters explored by the participants. Samples C-1 and C-2 used different high refractive index materials by e-beam deposition. There were four sister samples (deposited in the same coating run) by different participants: G-1 and G-2 were identical coating samples which performed similarly; L-1 & L-2, and O-1 & O-2 were e-beam pairs with varying substrate cleaning methods; D-1 and D-2 were IBS pairs with varying substrate roughness. Samples Q-1 and Q-2 where deposited by MS and aimed to asses the impact of the substrate material, fused silica versus sapphire, on laser resistance; however, both of these samples damaged during the first raster fluence step thus making the comparison difficult. The impact of the layer count (i.e., with and without an overcoat layer) on the laser resistance of IBS-deposited samples H-1 and H-2 may also be hindered by the poor overall performance. Finally, two participants denoted by letters I and N have explored different deposition methods using alumina and hafnia, respectively. The substrate cleaning for all samples in this survey but one (unknown) involved various solvents by either hand cleaning or ultrasonic machine.
In order to better understand the impact of high index coating materials and deposition process on the laser resistance with 1064-nm, 3-ns pulses, we plot the entire population of samples in Fig. 5 with both of these parameters explicitly stated. It can be seen that the top ten performing coatings used hafnia by e-beam or e-beam IAD with 45 J/cm 2 or higher LIDT values. The samples using alumina were the best performing dense coatings by IBS and MS. Coatings using tantala by e-beam and IBS in 2-or 3-material designs exhibited below-average laser resistance with LIDT values less than 16 J/cm 2 . These results re-confirm the findings of the 2008 survey that hafnia is the most laser resistant high index material at 1064-nm. Alumina designs were not explored in the previous competition or the material information may have been declined by participants at the time.
Lastly, we attempt to compare the 2008 and 2018 surveys. In the top graph of Fig. 6 we illustrate the 2008 sample population with both coating materials and deposition processes explicitly stated, 2 similar to the 2018 sample population captured in Fig. 5 . We note that several participants have declined to disclose the deposition methods or materials used for 10 out of 35 samples examined in 2008. It appears that more of the 2008 samples performed above average, used hafnia and were spread across four deposition methods, e-beam, e-beam IAD, IBS and PIAD. The coatings using tantala performed about the same. The LIDT values across the 2008 population also spanned a wide range, greater than 100X. The winning sample in 2008 had its substrate cleaned by plasma etching prior to e-beam deposition, however no similar coating was submitted in the present competition. In the bottom graph of Fig. 6 we plot the aggregate 2008 and 2018 sample distributions using the No Damage criteria. Apart from the top performing samples which were separated from the rest of the group in both surveys, the distributions largely overlap. Since only 7 participants were common to both competitions and the type of samples submitted differed quite a bit, it will be up to those participants to decide whether or not their coating recipes have improved over the last decade.
CONCLUSIONS
The official winner of this year's competition at 1064-nm, 3-ns pulses was O-1, a hafnia/silica mirror coating deposited by e-beam with LIDT of 82 J/cm 2 (no damage initiation). Using the LIDT defined by initiation of stable defects, 30% of samples performed above 45 J/cm 2 , up to 97 J/cm 2 .
